The Iris flower is a complex morphological structure composed of two trimerous whorls of functionally distinct petaloid organs (the falls and the standards), one whorl of the stamens and one tricarpellary gynoecium. The petal-like style arms of the carpels are banded over the basal part of the falls, forming three pollination tunnels, each of which is perceived by the Iris pollinators as a single bilaterally symmetrical flower. Apart from the stamens, all petaloid floral organs are preferentially involved in advertising rewards to potential pollinators. Here we used the methods of geometric morphometrics to explore the shape variation in falls, standards and style arms of the Iris pumila flowers and to disentangle the symmetric and the asymmetric component of the total shape variance. Our results show that symmetric variation contributes mostly to the total shape variance in each of the three floral organs. Fluctuating asymmetry (FA) was the dominant component of the asymmetric shape variation in the falls and the standards, but appeared to be marginally significant in the style arms. The values of FA indexes for the shape of falls (insects' landing platforms) and for the shape of standards (long-distance reward signals) were found to be two orders of magnitude greater compared to that of the style arms. Directional asymmetry appeared to be very low, but highly statistically significant for all analyzed floral organs. Because floral symmetry can reliably indicate the presence of floral rewards, an almost perfect symmetry recorded for the style arm shape might be the outcome of pollinator preferences for symmetrical pollination units.
INTRODUCTION
Angiosperm flowers are complex phenotypic structures, which are composed of four functionally distinct organs arranged in concentric floral whorls [1] [2] [3] . The outer two whorls constitute the perianth, with sepals in the first and petals in the second whorl, while the inner two whorls consist of reproductive structures: the male-functioning stamens in the third and the female-functioning carpels in the fourth whorl. An immense morphological diversity of the floral organ shapes in the extant angiosperm taxa is thought to be the outcome of different selective pressures, affecting each floral organ separately [4, 5] .
The essential function of angiosperm flowers is sexual reproduction, a phenomenon which involves two separate processes: the transfer of the male gametes to the female ovules (pollination) and the fusion of sperm and egg cells (fertilization) [5] [6] [7] [8] . In plants that use foraging insects for pollen transfer, floral organs are greatly modified in order to attract pollinators and to facilitate the movement of pollen from one flower to the insect and from the insect back to the next flower. Such modifications (or floral signals) include flower shape, color, scent, heat and even floral electric fields [9, 10] . Because visiting insects are "paid" for their pollination services by means of nectar carbohydrate and edible pollen, floral displays advertise, in fact, the plants' floral rewards. It has been pointed out that "pollinator perception and its associated behavior constitute a key selective environment for floral traits because it mediates the relationships between floral signals and pollen receipt and export" [11] . The pollinator-mediated selection can be very strong, favoring floral signals that exploit the sensory preferences of pollinators that are locally abundant [11] . The shape of flower corollas is considered to be an important advertising signal that can attract the pollinators. A number of studies have shown that the levels of corolla shape variation within and among conspecific populations or species reflect the differences in the preference patterns of their local pollinators [5, [12] [13] [14] [15] [16] [17] .
The innate sensory preferences have been reported to enhance the foraging efficiency of bumblebees, one of the most common pollinators in many plant taxa [17] . For example, the flowers of Epilobium angustifolium that were visited by bumblebees in a natural habitat were larger and more symmetrical than those of their nearest neighbors. Nectar production was also greater in symmetrical flowers, explaining the bumblebee preference for flower symmetry. In that context, fluctuating asymmetry, defined as small random deviations from otherwise bilateral symmetry, would be a measure of the phenotypic quality of individuals, indicating their capability to control development under given genetic and environmental conditions [18] .
Geometric morphometrics (GM) have been increasingly used as a powerful tool for quantifying the shape variation of structures with complex types of symmetry [19] [20] [21] [22] . These methods can partition the shape variation into a symmetric and asymmetric component [20] . GM analyses have been widely used in zoological studies, however, botanical investigations based on GM are still very scarce [5, 16, [21] [22] [23] [24] .
In this study, we used the methods of GM [22, 25, 26] to identify patterns of symmetric and asymmetric shape variation in three functionally distinct floral organs (fall, standard and style arm) of an insect-pollinated monocotyledonous plant, Iris pumila. Similarly to other congeneric species, the Iris flower consists of four trimerous floral whorls, whose elements are symmetrically arranged around the central axis [27] [28] [29] (Fig. 1A) . The outer two whorls are composed of petaloid structures called tepals. The tepals are fused at the base, forming a floral tube. The outer tepals, called falls, are bent downward, serving as a landing platform for pollinating insects. The upper surface of falls, ranging from the base to the center, are equipped with a beard consisting of short fine hairs, which functions as a foothold for pollinating insects when they enter the flower in search of rewards. The vertically oriented inner tepals, called standards, are involved in the long-distance pollinator attraction. The reproductive organs occupy the two inner floral whorls: the male sex organs, the stamens, are positioned in the third whorl, while the female sex organs, the petaloid style arms with the stigmatic lips at the top, occupy the fourth whorl, in the center of the flower. A conspicuous feature of I. pumila flowers are their pollination tunnels, each of which is made up of the haft of the fall (the dorsal side) and the faced style arm (the ventral side), bending over a single stamen [29] . Due to such architecture, each pollination tunnel is perceived by pollinating insects as a zygomorphic flower [29] .
The genus Iris is comprised of about 250 species [27] , which are exclusively pollinated by Hymenoptera, mostly bumblebees [30] . A number of studies on pollination success in different Iris species provided evidence that the large-sized flower, which is characteristic for these taxa [31] [32] [33] [34] [35] , might have been shaped by pollinator-mediated selection, either because a larger floral display implies more floral rewards or it can be better detected from a distance [31] [32] [33] [34] [35] . Since the primary pollinators in I. pumila are also bumblebees and because the higher ramets with larger flowers are more often pollinated than the shorter ones (A. Vuleta, personal observation), we suppose that the floral organ symmetry may be equally attractive for its pollinators as the large flower display. If this supposition is correct, we expect a higher bilateral symmetry in the shape of floral organs involved in pollen transfer, such as the petaloid style arms, compared to the falls and standards, which are involved in attracting pollinating insects in Iris species. If the symmetry of floral organs is irrelevant for their pollinators, all three floral organs should exhibit similar patterns of shape variation.
MATERIALS AND METHODS

Study species and experimental set-up
Iris pumila is a rhizomatous perennial herb naturally growing at the exposed dune sites in the Deliblato Sands (44 o 47'N/21 o 20'E), Serbia [36] . Natural populations of I. pumila are polymorphic for flower color, which can be attributed to the segregation at several gene loci [37] . Consequently, each of the flower color morphs commonly found in a population is thought to be a unique clonal genotype [38] .
The Iris plants used in this study were pot-grown in an experimental garden in the yard of the Institute for Biological Research "Siniša Stanković" in Belgrade (44°49'2.94"N/20°29'15.51"E). The plants originate from a reciprocal factorial experiment conducted at the Deliblato Sands in April 1996 during the blooming phase of I. pumila. Seeds obtained from these crosses were germinated singly in plastic pots in a growth-room and the developed seedlings, after repotting into clay pots, were transferred at the age of six months to the experimental garden, where they still grow under common garden conditions as 20-year-old adult clones [39, 40] .
Collection of samples
Flowers were collected each day from March 21 to April 1, 2008, starting at 11:00 and finishing at about 15:00. From each of 101 pots, two flowers were harvested and put immediately in 50-ml bottles filled with 70% ethanol. The conserved flowers were stored at room temperature until dissection. During dissection, each flower was cut at the end of the floral tube to separate the floral organs, which were then spread over a glass plate coated with 50% glycerol. Digital images (600 dpi resolution) of three floral organs, the fall, standard and style arm, were recorded using an optical scanner (CanoScan 5600F).
Morphometric data
The shape variation of floral organs in I. pumila was quantified by the methods of geometric morphometrics [22, 41, 42] . Each organ was represented by the relative positions of a set of morphological landmarks, taking into consideration the bilateral object symmetry of each of them [43] (Fig. 1B ). Landmarks were digitized using tpsDig software ( Rohlf, 2006) . For the fall, a set of 18 landmarks was used (7 pairs and 4 median landmarks). The standard was represented by 19 landmarks (8 pairs and 3 median landmarks), and for the style arm, 18 landmarks were used (8 pairs and 2 median landmarks).
Morphometric analysis
To extract shape information from samples of multiple landmark coordinates on the floral organs, a generalized Procrustes superimposition was employed, which removes the variation in size, position and orientation in each dataset [41] . Variation in size was eliminated by scaling every landmark configuration to have a centroid size of 1.0. Centroid size is defined as the square root of the sum of squared distances of all the landmarks to their center of gravity, and is used as a measure of size for landmark configurations. Variation in position was removed by translating the configurations to have the same center of gravity (the centroid, the point in the Procrustes coordinate system whose coordinates are the means of the respective coordinates of all the landmarks). Finally, the variation in orientation was removed by rotating the configurations so that the sum of squared distances between corresponding landmarks of each configuration and the common target configuration is minimal. The remaining variation in landmark positions is due to variation of shape.
Given that falls, standards and styles are bilaterally symmetric structures, the method of shape analysis for object symmetry, which uses the landmark configuration and the reflected and relabeled copies, was applied [43, 44] . This method separates the shape variation into two components: a symmetric component, obtained by an averaging of the original and reflected and relabeled copies, and an asymmetric component calculated from differences between them [43] . While the symmetric component represents the shape variation among individuals, the asymmetric component can be used as a measure of developmental instability [45] [46] [47] .
To quantify measurement error (ME) relative to the other effects, all floral elements were digitized twice and analyzed by Procrustes analysis of variance (ANOVA) [43, 48] . As a descriptor of ME we used the SD of repeated measurements (ME2, according to Palmer and Strobeck [49] ). ME2 = √MS m , where MS m is the error MS from a side's x individual effects in Procrustes ANOVA.
To test whether the fluctuating asymmetry of floral organ shape might be an allometric consequence of the fluctuating asymmetry of size, a multivariate regression of shape FA scores onto log centroid size was applied [44] . A statistically significant regression would indicate that the level of FA was influenced by the asymmetry of size. To eliminate the influence of allometry on the amount of shape FA, for each floral organ, all specimens were standardized to the mean centroid size [22] using the Standard 6b program ( Sheets,2001). Thereafter, a Procrustes ANOVA was run on the standardized data [50] .
The amount of fluctuating asymmetry was estimated using a FA index (FA10a, according to [49] ). FA10a = 0.798 √2(MS sj -MS m )/M, where MS sj is the interaction MS and MS m the error MS from a side's x individuals Procrustes ANOVA using the standardized data. This index describes the magnitude of fluctuating asymmetry of shape for a structure after ME and the influence of allometry has been partitioned out.
The main feature of floral organ shape variation was examined by principal component analysis (PCA). PCAs were carried out at two levels: the covariance matrix of the symmetric component of variation and the covariance matrix of the asymmetric component of variation [43, 48] . All GM analyses were conducted using MorphoJ software [42] .
RESULTS
Principal components analyses PCA of shape variation for three floral organs, the fall, standard and style, revealed that more than 80% of total variance was concentrated in relatively few PCs for both the symmetrical and asymmetric variation component (Table 1 ). In the PCA of the symmetric component of the shape variation for the fall, PC1 accounted for the largest proportion of the total variation (55.8%) and was therefore the dominant pattern of variation in fall shape (Table 1) . PC1 concerns a concerted change in the shape of the falls with regard to their relative length vs. width (the aspect ratio), and is directed at narrowing of the entire fall area ( Fig. 2A(A) ). The shape change associated with PC2 is a contrast between the relative width of blade vs. haft of the same fall, and is reflected in compressing of the blade (from the end-point of beard to the tip of blade) and broadening of the half of falls ( Fig. 2A(A) ). In contrast to PC2, PC3 corresponds to the broadening of the blade and narrowing of the haft of fall ( Fig. 2A(A) ). All shape changes described are those related to the positive end of PC axes.
PCA of the asymmetric component of shape variation showed that the largest proportion of the total variance was concentrated in PCA1 (51.2 %) ( Table 1) as well. Regarding shape changes toward the positive end of PC axes, PC1 primarily reflects a slight torsion of the whole fall in a left direction relative to the main fall axis ( Fig. 2A(B) ). PC2 is associated with the downward bending of the right fall area with concomitant the upward change of the left fall side ( Fig. 2A(B) ). PC3 revealed a more pronounced bending of the distal fall blade to the left side and the haft of fall to the right side relative to the main axis ( Fig. 2A(B) ).
In the PCA of the symmetric component of shape variation for the standard, PC1 accounts for 53.3% (Table 1 .) of the total variance and is associated with a change in the aspect ratio of this floral organ, with a narrow blade of the standard at the positive end of the PC axis (Fig. 2B(A) ). PC2 is related to the elongation of the standard blade and shortening of the haft of the standard, whereas, PC3 corresponds to a shape change vis-à-vis the broadening of distal part of the standard blade (Fig. 2B(A) ).
PCA of the asymmetric component of standard shape variation revealed that the first three PCs account for more than 70% of the total variance (Table 1. ). Considering the shape changes related to the positive end of PC axes only, PC1 represents a concerted banding of the tip of standard blade and the base of its haft to the left side (Fig. 2B(B) ). PC2 represents an opposite movement of the standard parts, the tip to the right side and the haft to the left side relative to the main organ axis (Fig. 2B(B) ). Conversely, PC3 is associated with torsion of the whole standard blade to the left and the standard haft to the right side relative to the main axis (Fig. 2B(B) ).
PCA of the style arm shape change showed that a vast majority of the symmetric variation in this floral organ was associated with the first two PCs (81.2%) ( Table 1) . PC1 is associated with a shape change related to the width of the entire style arm, ranging from a relatively wide style arm at the negative end of the PC axis to a relatively narrow style arm at its positive end (Fig. 2C(A) ). PC2 represents a shape change in the width of the style arms' base, which increases from the negative to the positive end of the PC axis (Fig. 2C(A) ). PC3 is associated with a concerted change in the shape of the lip areas, i.e. their relative width vs. length ( Fig. 2C(A) ).
PCA of the asymmetric component of style arm shape variation revealed that PC1 accounted for less than half of the total variance (44.2%) and was related to a bending of the lip area relative to the main axis of the style arm (Table 1) . PC2 is associated with an uplifting of the right and down-lifting of the left side of the lip area at the positive end of the PC axis ( Fig. 2C(B) ). PC3 concerns a shift of the style arm base relative to the main axis ( Fig.  2C(B) ). Procrustes ANOVA Procrustes ANOVA of shape variation revealed that all causal effects were highly statistically significant for each of the three floral organs analyzed (all P<0.0001), with the exception of the individual-side interaction for the style arm (P˃0.05) ( Table 2) . A significant effect of the individuals indicates the existence of individual phenotypic differences in the shape of a particular floral organ, while a significant effect of the reflection suggests that one side of a floral organ is systematically larger than the other (directional asymmetry). A significant individual x reflection interaction indicates the presence of individual variations among individuals in a particular floral organ in the left-right difference (i.e. fluctuating asymmetry). The amount of ME for all analyzed floral organs was found to be similar (ME fall = 0.0071, ME standard = 0.0063 and ME style arm = 0.0045). The level of FA in the shape of floral organs in I. pumila was estimated for the fall (FA10a fall = 1.43 x 10 ) and the style arm (FA10a stylearm = 4.3 x 10 -7 ). Multivariate regression of the asymmetric component (FA) of shape variation onto log centroid size appeared to be highly statistically significant (P<0.0001) for the fall and the style arm, but non-significant for the standard (P=0.343). The impact of allometry on the asymmetric component (FA) of shape FA was found to be only 2.4% for the fall and 3.6% for the style arm. 
DISCUSSION
This study provided evidence that functionally distinct floral organs of I. pumila, including falls, standards and style arms, differed remarkably in the degree of shape variation. Specifically, the shape of floral organs involved in pollen transfer, such as petaloid style arms, appeared to be more bilaterally symmetrical relative to that of falls and standards, which function in as long-distance environmental signals.
Regarding the symmetric component of the shape variation, PC1 uncovered the aspect ratios of each of the three floral organs, exhibiting continuous variation, from a wide to a narrow organ type. PC2 and PC3 indicated the aspect ratios of the floral organ haft and the floral organ blade, respectively. The hafts of falls and style arms varied in shape from a narrow to a wide, particularly at the base of each of these structures, while the haft of standards changed from an elongated to a shortened type. In contrast to their hafts, the blades of falls and standards changed from a contracted to an expanded type relative to their mean shapes. Because in an Iris flower the fall and the faced style arm form the pollination tunnel, the shape variation in the proximal part of these two floral organs may impact the size of the entrance of pollination tunnels, with possible consequences for the insect visitation rate [17] .
The Procrustes ANOVAs revealed that the asymmetric component of floral organ shape variation in I. pumila consisted of both fluctuating and directional asymmetry, as well as that fluctuating asymmetry contributes to the total shape for the fall and the standard, with the exception of the style arm shape, where the impact of FA was non-significant. Given that the effect of directional asymmetry on the total shape variation was highly significant for all three floral organs of I. pumila (all P<.0001), the obtained results clearly suggested that the shape of their left and right sides differed systematically from each other. The existence of a subtle directional asymmetry has been already detected in a number of biological species, including plants, animals and humans [20, 21, 25, 51] .
Fluctuating asymmetry (FA) is another component of asymmetric shape change that was detected in this study. FA is generally thought to originate from small random irregularities in the developmental processes or "developmental noise" [52] that occur independently on each side of a bilateral structure [44, [53] [54] [55] [56] . The propensity of the developmental system to produce FA as a consequence of random developmental perturbations is called developmental instability [54, 55] . The principal presumption for interpreting FA as the phenotypic consequence of developmental instability is that the left and the right sides of an organism or a structure share the same genome and similar environmental conditions [55, 57] . However, this hypothesis is acceptable for motile organisms that move through their environment, averaging out the possible environmental variation, but is unrealistic for sessile organisms such as plants, because their parts are exposed to the heterogeneity in their immediate surroundings in a constant manner. For example, even in full sunlight, the intensity of solar radiation impinging horizontally on floral organs of an actinomorphic Iris flower can vary significantly depending on their orientation. In this particular case, the resulting asymmetry would stem from FA that is not only due to developmental instability but also due to a phenotypic plasticity to microenvironmental heterogeneity [21, 23, 44] .
In I. pumila, the contribution of FA to the total shape variation of the analyzed floral organs appeared to be highly significant for all analyzed floral organs; however, the magnitude of shape FA quantified by the FA10a index was found to be markedly smaller for the style arm as compared to the fall or standard. Because the contribution of directional asymmetry to the total shape variance of the style arm was extremely low, the obtained results have suggested that the development of this reproductive structure of I. pumila flowers was more canalized than that of the two sterile floral organs − the fall and the standard.
Flower shape is an important trait of entomophilous angiosperms because it serves as a cue that attracts their pollinators. A behavioral study of the ability of pollinating insects to discriminate the shape of artificial Primula sieboldii flowers revealed that bumblebees exhibited a strong preference for flowers with extremely narrow petals, even after training using flowers with extremely wide petals [58] .Very recently, Gόmez et al. [5] provided evidence that the evolution of corolla shape variation, integration and disparity in a highly diversified plant family, the Brassicaceae, was likely driven by pollinator-mediated selection. The most outstanding result of that study was that "the type of pollinator visiting the flower, rather than diversity, has the major effect on the evolution of floral integration and disparity" [5] . Moreover, "the effect of pollinators on phenotypic integration is expected to be more intense for those traits related to the efficiency of pollen transfer (anthers, pistils, stigmas) than for traits related to the attraction of pollinators" [5] .
I. pumila is an entomophilous plant, the primary pollinators of which are bumblebees. The floral organs of this species are specialized for insect pollination. The style arm of Iris flowers is a highly modified pistil, which together with the haft of an opposed fall forms the pollination tunnel. PCAs provided evidence that the increasing values of PC2 for the shape variation of both the falls and the style arms were associated with a greater size of the pollination tunnels. However, the Procrustes ANOVA results have shown that the asymmetry of these two organs differed significantly from each other. While the style arm was almost perfectly bilaterally symmetric, the fall and, especially, the standard exhibited a notably greater level of asymmetry. Flowers with a wide and bilaterally symmetrical pollination tunnel could attract pollinators and allow those that enter the tunnel to move forward only, as do bumblebees, leading to an efficient pollen deposition from their thorax to the sticky stigmatic lip. Hence, a comparatively greater developmental robustness of the style arm than that of other floral organs might be the outcome of a strong prepollination selection that endowed Iris flowers with a wide and bilaterally symmetrical pollination unit [17, [58] [59] [60] [61] . 
